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Abstract
Several methods and types of mechanical tests have been used to estimate the mechanical properties of soft biological tissues such
as arteries. The load environment that an artery is subjected can be simulated in vitro through biaxial tensile tests. For this, many
procedures have been used to characterize this kind of tissue, and therefore there is no standardization of these procedures. In
this study, a methodology for testing and data processing has been proposed and tested. Biaxial tensile testing for three groups of
arteries: abdominal aorta, thoracic aorta and left subclavian were performed at the Biomechanics Laboratory of INEGI, University
of Porto (FEUP) to assess the methodology. The samples were tested up to the rupture. Stress-strain curves in the axial and
circumferential axes were obtained and showed the nonlinear hyper-elastic behavior of the arteries. The limit to rupture and the
elastic limit were estimated. Analyzing the mechanical behavior of both axis and making a comparison between them, it can be
concluded that the axial axis shows greater resistance on average for all sample groups. The two-dimensional model of Strain
Energy Function for hyper-elastic materials proposed by Fung and the bilayer model proposed by Holzapfel, both derived from
the continuum mechanics, were used to perform a ﬁtting of the experimental data, and predict the tissue behavior under diﬀerent
stresses or strains. The high coeﬃcients of correlation between the experimental and ﬁtted curves indicate that both models can
model the pig arterial tissue. Histological analyses of the samples were performed in order to estimate the average content of
collagen and elastin in the tissue. A high percentage of elastin was observed in all sample groups. The result of this work is a
description and an implementation of a methodology for the characterization of soft biological tissues.
c© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of IDMEC-IST.
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1. Introduction
Cardiovascular diseases are among the main pathologies that aﬀect the world population and end up weakening
the vessel walls. The degenerating tissue yields due to repeated stresses and strains exerted by the blood ﬂow, which
causes gradual expansion of the tissue or aneurysm[1].
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The arterial aneurysm is a disease in which most cases have no symptoms and is usually discovered by chance
during clinical diagnostic. Once detected, the parameter most commonly used to estimate the risk of rupture is the
artery diameter in systole [2]. However, this method of assessment does not take into account characteristics such as
vessel stiﬀness and/or the tissue lesions. Thus, the vessel may have a condition that, regardless of the diameter shown,
may require surgery [3]. An improvement in the diagnostic process and treatments evaluation for this condition could
use the characterization of the physico-chemical environment and the mechanical properties of arteries.
Many studies of the mechanical properties of soft biological tissues using biaxial tensile machines were reported.
However, they don’t converge to a speciﬁc methodology to perform the tests [3–9]. Mathematically, the characterization
of the mechanical behavior for soft biological tissue, for example arteries, have been developed within the continuum
mechanics framework, and several mathematical models based of Strain Energy Function (SEF) for the material have
been proposed [10,11].
In this work, a methodology for mechanical characterization of soft biological tissues was developed. The data
collection was made by biaxial tensile tests on pig arterial tissue. The experimental data were ﬁtted to mathematical
models based on SEF, which allows estimating the tissue behavior under diﬀerent stresses and strains. A histological
analysis estimated the average percentage content of collagen and elastin, for all the specimens.
2. Methodology
This work presents a methodology for characterization of soft biological tissues. Sections as sample preparation,
biaxial tensile testing, mathematical processing, curves ﬁtting and histology, on pig arteries will be treated.
2.1. Samples preparation
Sections of abdominal aorta, thoracic aorta and left subclavian porcine arteries were selected, as preparation of
samples. A cooling technique was chosen for tissue preservation and for this proceeding was important hydration and
temperature control [12,13]. During transport and laboratory tests, tissue temperature was maintained between 4-6◦C.
Physiological saline solution was used to avoid dehydration and loss of tone of the tissue. The surface of the tissue
was not allowed to become dry.
For sample conformation, cylindrical shaped sections of clean tissue of approximately 3 cm length were cut along
the axial direction, to obtain a rectangular sample. The location of this axial incision was chosen where the wall
thickness was less uniform. Then, with a cross shaped stainless steel mold, the samples were cut, generating a cross
shaped sample. Each extremity had 5mm of width (see Figure 1 (a)). From each cylindrical sample, a small ring was
cut and reserved for histological analysis. The thickness of the samples were estimated by image digital processing
and by measuring the width of the sample compressed inside two glass plates, using a caliper.
For assembling the biaxial tensile test, the samples were fastened by ﬁxation jaws. The ﬁxation jaws have rough
surfaces and are responsible for holding and the imposition of a tensile load, uniformly along the width of the extremity
of the sample. A ﬁxed sample is shown in Figure 1(b).
Fig. 1. Samples preparation. (a)Sample shape; (b)Sample ﬁxed.
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2.2. Biaxial tensile testing
Stress-strain curves for axial-1- and circumferential-2- axes were obtained for the three groups of arteries. The tests
were performed in the biaxial tensile machine of the Biomechanics Laboratory of INEGI at the University of Porto.
The equipment allowed to simulate humidity and body temperature by a saline solution bath in 37 ◦C. Preconditioning
(5 cycles where the sample is stretched by 10% of its initial length) and rupture tests were programmed. On the testing,
stretching was applied simultaneously and with equal magnitude in both axes.
2.3. Mathematical processing
To perform the mathematical processing, the arterial pig tissue was assumed as anisotropic (orthotropic) and
hyper-elastic. For the stress-strain curves, forces on axes 1 and 2 (f), measured by load cells during the tissue
stretching, were used to estimate Cauchy Stresses (σ) for axial and circumferential axes. These stresses are computed
by:
σ1 = λ1/ f1hL02, σ2 = λ2/ f2hL01 (1)
where h is the thickness and λi, i = 1, 2 are the stretches of the arterial wall. Stretches can be expressed as
(λi = Li/L0i) where L is the length of the sample in a charged state (instantaneous length) and L0i, i = 1, 2 are the
initial lengths. It is assumed that the stress components σ12 and σ21 are zero (0) since experimentally loads are applied
normal to the axes [14]. Stresses and strains can be also described by second Piola-Kirchhoﬀ stress and Green Strain,
and are given by:
S 1 = λ1σ1, S 2 = λ2σ2 (2)
E1 = [(λ1)2 − 1], E2 = [(λ2)2 − 1] (3)
2.3.1. Constitutive modeling
The response of hyper-elastic materials to stresses or strains can be described mathematically by a scalar SEF (W).
Second Piola-Kirchhoﬀ stress (S) can be estimated by the equation 4:
S i j = ∂W/∂Ei j com i, j = 1, 2 (4)
Fung type two-dimensional SEF model for soft biological tissues [11,15] does not need internal tissue data structure
to compute stress-strain data. Fung model is oftentimes used to represent soft tissue behavior using experimental data
obtained by planar biaxial tensile equipments [4,6,7,9,10,17–20]. Equations to express Fung’s SEF model are given
by:
W = (c/2)(eQ − 1), Q = A1(E1)2 + A2(E2)2 + 2A3E1E2 (5)
where c and Ai, i = 1, 2, 3 are material constants. Second Piola-Kirchhoﬀ stresses based in the model are given by:
S 1 = ceQ(A1E1 + A3E2), S 2 = ceQ(A2E1 + A3E1), (6)
The bilayer model proposed by Holzapfel [10] also was used. This considers that arteries are composed of
layers, where each layer can be considered as a reinforced composite by two families of collagen ﬁbers which
are in symmetrical arrangement of spirals. As wavy collagen ﬁbers, present in the arterial walls, are not active at
low pressures (i.e. do not store energy). Under low pressure the isotropic response of the material is aﬀected by
non-collagenous matrix material. Whereas, the resistance to stretching under high pressure is almost entirely due to
collagen ﬁbers. In this case, the mechanical response to failure is governed by the anisotropic part of the SEF [10].
The SEF can be written as:
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Waniso(I4, I6) = (k1/2k2)
∑
i=4,6{exp[k2(Ii − 1)2] − 1}, (7)
where k1 > 0 and k2 > 0 are model parameters. Assuming homogeneous deformation in the central region of the
biaxially tested specimens (F = diag (λz, λθ, λr)) and plane stress (trr = 0), derive, from the strain energy function, the
Cauchy stresses as shown in equations (8) and (9), which allow an analysis of biaxial stress-strain data [16]:
tzz = c[(λz)2 − 1/(λθλz)2] + c11[(λz)2 − 1]exp[c12((λz)2 − 1)2](λz)2 + 2c3,41 (Id4 − 1)exp[c3,42 (Id4 − 1)2](λz)2cos2α0 (8)
tθθ = c[(λθ)2 − 1/(λθλz)2] + c21[(λθ)2 − 1]exp[c22((λθ)2 − 1)2](λθ)2 + 2c3,41 (Id4 − 1)exp[c3,42 (Id4 − 1)2](λθ)2sin2α0 (9)
where c and c, c11, c
2
1, c
1
2, c
2
2, c
3,4
1 , c
3,4
2 are model parameters. The orientation of the ﬁbers are set in a reference
conﬁguration, where the angles of the axial and circumferential ﬁbers are α10 = 0
◦ e α20 = 90
◦, respectively. Diagonal
ﬁbers are represented by α30=-α
4
0=α0 and I
d
4 is estimated by equation 10, where d denotes diagonal:
Id4 = (λ
i=3,4)2 = (λz)2cos2α0 + (λθ)2sin2α0, (10)
2.4. Histology
A histological sample preparation that prepares tissue specimens for sectioning and staining was made on each
sample in order to quantify approximately the percentage of collagen and elastin content. In the sequel, on each tissue
blade, with 5 micrometers of thickness, a hematoxylin-eosin stain and a special stain to diﬀerentiate collagen and
elastin ﬁbers named Weigert Van-Gieson were given to the tissue. Tissue micrographs were taken and, with a digital
image processing tool, it was possible to estimate the percentage content of collagen and of elastin in each sample.
3. Results and discussion
The sample preparation methodology resulted on approximately symmetrical and uniform thickness samples. The
tests were performed under standard conditions. Diﬀerences between specimens will depend, most signiﬁcantly, on
its internal structure instead on external factors.
The mechanical stress-strain behavior of soft biological tissues can be described using diﬀerent deﬁnitions of stress
and strain. For example, Cauchy stress (σ), Second Piola-Kirchhoﬀ stress (S), Green’s deformation (E) and stretch
(λ) could be estimated for all the samples. In Figure 2 can be observed curves for Second Piola Kirchhoﬀ stress vs.
Green’s deformation (S − E) for abdominal aortas samples tested up to the rupture. The groups of thoracic and left
subclavian aortas showed similar curves.
According to the curves, these have the typical behavior of a nonlinear hyper-elastic material. A large deformation
and a respective small increase in stress on the initial region of the curve is veriﬁed. Probably, this phenomenon is
due to the alignment of collagen and elastic ﬁbers. During this ﬁber alignment process, resistance to displacement is
small, collagen ﬁbers will be aligning. After this process, ﬁbers become close to their maximum length, increasing
the stiﬀness of the tissue. After reaching the elastic limit, the tissue can’t return to the initial length, showing plasticity
eﬀects. The plasticity in the tissue is maybe due partially to the failure of some collagen and elastin ﬁbers.
It can also be seen the variability of samples through the variability of the shape of stress-strain curves up to rupture.
The mean value (m), Standard Deviation (SD) and Coeﬃcient of Variation (CV) of strength limit and deformation
limit are shown in Table 1 for all sample groups.
It can be seen from Table 1, that in the three sample groups, axis 1 has a high average stress before rupture. In
respect to deformation, axis 1 shows a higher value than axis 2 for thoracic aortas and left subclavian groups. Thoracic
aortas achieved a higher strain before rupture compared with the abdominal aortas and left subclavian. Perhaps, these
results indicate that heart proximal arteries can resist more strain before the rupture than distal ones. In contrast, the
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Fig. 2. Stress-Strain curves for abdominal aortas samples taken to break. The color lines and numbers on the top of left corner indicate which curve
is for each sample of abdominal aorta tested (a). Axial axis, (b). Circumferential axis
Table 1. Maximum Stresses and strains until rupture.
Abdominal Aorta Thoracic Aorta Left Subclavians
m SD CV (%) m SD CV (%) m SD CV (%)
E1 2.00E+0 0.24027 11.98 2.85E+0 0.49317 17.31 2.23E+0 0.65408 29.36
E2 2.15E+0 0.40979 19.03 2.52E+0 0.5647 22.41 2.06E+0 0.78583 38.12
S 1(MPa) 6.44E-1 0.25608 39.78 4.57E-1 0.08402 18.39 3.91E-1 0.12162 31.11
S 2(MPa) 3.87E-1 0.13536 35.02 2.75E-1 0.07764 28.26 1.79E-1 0.07098 39.63
abdominal aortas (distal) could support higher stress before rupture. From these results, it is possible to hypothesize
that the collagen ﬁbers play an important role in the tensile strength of the abdominal aorta. The coeﬃcients of
variation indicate heterogeneity among samples. This is one of the factors by which mathematical models have
diﬃculty adjusting for various types of biological tissues.
The elastic behavior (more precisely, hyper-elastic and reversible) for the soft biological tissue is estimated
diﬀerentiating the rupture curves. The stress-strain data from elastic regime will be used to feed the models of SEF.
The stress-strain behavior in elastic regime, exhibit the same behavior shown in stress-strain rupture regime.
3.1. Fung’s Model Fitting
The ﬁtting curves for longitudinal and circumferential axes in the sample 8-02 are shown in Figure 3. Table 2
presents the Mean value(m), Standard Deviation (SD) and Coeﬃcient of Variation (CV) of model parameters A1 , A2,
A3 and c estimated for Fung’s SEF model, and the Coeﬃcient of Correlation (R2) between the experimental and ﬁtting
curves.
Fig. 3. Fung’s model ﬁtting Stress-Strain curves ((Black) Experimental (Red) Theoretical) . (a) Axis 1; (b) Axis 2.
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Table 2. m, SD and CV for the Fung’s model constants, and Coeﬃcient of Correlation (R2i ) between ﬁtted and experimental Stress-Strain curves.
Abdominal Aorta Thoracic Aorta Left Subclavian
m SD CV (%) m SD CV (%) m SD CV (%)
c 5.21E-1 0.371 71.21 9.12E-1 0.516 56.55 6.69E+0 9.925 148.36
A1 3.30E-1 0.186 56.36 1.20E-1 0.0711 59.82 1.39E-1 0.200 143.67
A2 2.01E-1 0.145 72.14 8.92E-2 0.061 68.14 9.51E-2 0.160 167.80
A3 -1.34E-3 0.001 74.62 1.44E-3 0.001 50.79 1.82E-3 0.002 108.96
R21 0.9964 0.0023 0.2312 0.9949 0.0054 0.5414 0.9978 0.0025 0.2355
R22 0.9947 0.0043 0.4320 0.9933 0.008 0.7978 0.9925 0.01011 1.01879
Based on ﬁgures and R2 for ﬁtted curves, the two-dimensional Fung type model reproduces, within a certain
accuracy, the mechanical behavior of the tested artery. A similar ﬁtting quality is obtained for the rest of the tested
samples.
3.2. Holzapfel’s Model Fitting
The ﬁtting curves for longitudinal and circumferential axes in the sample 8-02 are shown in Figure 4. It is evident
that the model is helpful to simulate the mechanical behavior of such biological tissue. Table 3 shows the mean
value(m), Standard Deviation (SD) and Coeﬃcient of Variation (CV) for the constants estimated for each group of
samples. The values of R2 allow tell that the model is appropriate to ﬁt this type of experimental data.
Fig. 4. Holzapfel’s model ﬁtting Stress-Strain curves ((Black) Experimental (Red) Theoretical) . (a) Axis 1; (b) Axis 2.
Table 3. m, SD and CV for the Holzapfel’s model constants, and Coeﬃcient of Correlation (R2i ) between ﬁtted and experimental Stress-Strain
curves.
Abdominal Aorta Thoracic Aorta Left Subclavians
m SD CV (%) m SD CV (%) m SD CV (%)
c 1.139E-3 2.526E-3 221.87 2.735E-3 3.633E-3 132.82 8.966E-3 8.238E-3 91.88
c11 2.111E-2 1.081E-2 51.23 1.526E-2 5.933E-3 38.87 1.921E-2 1.520E-2 79.10
c12 2.398E-2 1.235E-2 51.50 4.258E-3 4.645E-3 109.08 7.448E-3 7.685E-3 103.19
c21 1.398E-2 8.780E-3 62.78 8.802E-3 5.245E-3 59.59 1.430E-2 1.525E-2 106.65
c22 2.027E-2 1.675E-2 82.65 2.226E-2 2.933E-2 131.78 4.457E-3 5.359E-3 120.25
c3,41 6.861E-3 4.167E-3 60.74 3.887E-3 3.461E-3 89.05 5.581E-3 3.855E-3 69.08
c3,42 2.379E-2 1.318E-2 55.41 1.070E-2 1.203E-2 112.46 2.438E-3 4.277E-3 175.41
α(◦) 35.24 13.83 39.25 37.31 14.96 40.09 36.76 17.29 47.06
R21 0.9988 0.0019 0.0891 0.9985 0.0022 0.2156 0.9997 0.0002 0.0237
R22 0.9991 0.0012 0.1229 0.9991 0.0008 0.0784 0.9976 0.0045 0.4518
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One of the parameters that was estimated for this model is the angle (α). This parameter gives an idea of the
direction of the diagonal collagen ﬁbers in the tissue. In this way, the values estimated by the model could be compared
with those obtained for histological analysis in future research or, on the other hand, a histological analysis can be
used to feed the model with angle values.
3.3. Histology
Figure 5 presents the micrographs of the histology made on the thoracic aorta specimen 8-02. With the staining
made with HE (Figure 5 (a)) is not possible to clearly distinguish the collagen ﬁbers. In contrast, the Weigert
van-Gieson staining allows a better identiﬁcation of collagen and elastic ﬁbers (Figure 5 (b)). With the micrographs
and an image analysis software was possible to estimate, in percentage, the content of collagen and elastin.
Table 4 shows the values of mean (m), Standard Deviation (SD) and Coeﬃcient of Variation (CV) estimated for
the passive components present in the diﬀerent groups of arteries. A high percentage of elastin in all groups was
observed. High percentages of elastin for heart proximal arteries have been reported [21]. The percentage of passive
components between samples appears to be homogeneous. The inter-sample variability in the stress-strain may result
from the way collagen and elastic ﬁbers are allowed to aligned when the load is applied.
Fig. 5. Micrographs of stained tissue. (a)H-E stain for 8-02 sample. 1.Elastin (dark pink), 2. Nucleus of a smooth muscle cell (purple), 3. Smooth
muscle cell (pink part around the purple nucleus). (b) Weigert Van Gieson stain for 8-02 sample. 1. Collagen (red) 2.Elastin(black), 3. Other
connective tissue and smooth muscle (yellow).
Table 4. Mean (m), Standard Deviation (SD) an Coeﬃcient of Variation of the percents of passive cellular content in the groups of samples.
Abdominal Aorta Thoracic Aorta Left Subclavians
m SD CV (%) m SD CV (%) m SD CV (%)
Colagen 32.121 3.889 12.10 33.252 2.451 7.73 31.022 3.115 10.03
Elastin 58.030 2.584 4.45 57.557 1.481 2.57 59.775 1.829 3.06
Others 9.850 1.845 18.73 9.191 1.336 14.53 9.203 2.042 22.18
4. Conclusions
The paper presents a methodology developed for mechanical characterization of soft biological tissues with
real evaluation on arterial tissue of pigs by biaxial tensile tests. This methodology allows for the mechanical
characterization of 3 groups of porcine arteries: abdominal aorta, thoracic aorta and left subclavian. The diﬀerent
stress-strain curves evidence the nonlinear hyper-elastic behavior of the arteries. The strength limit (σmax) and yield
limit (σe) could be estimated. Watching the mechanical behavior of each axis (longitudinal and circumferential)
individually and making a comparison between them, it can be said that the axial direction shows higher average
tensile strength for all sample groups.
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The curve ﬁtting and the high coeﬃcient of correlation for each SEF models indicate that both, Fung’s and
Holzapfel’s models, are helpful to simulate the mechanical behavior of this kind of soft biological tissue, taking
into account usual levels of precision on predicted stress or strain.
Through histological analyzes average percentage contents of passive components in the arteries were estimated.
A high percentage of elastin was observed in all groups, as expected in elastic arteries.
The main result is an example of characterization of vascular soft biological tissue and a description of the
methodology.
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